Experimental observation of carrier-envelope phase effects by multicycle pulses. 
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We present an experimental and theoretical study of carrier-envelope phase (CEP) effects on the 
population transfer between two bound atomic states interacting with pulses consisting of many 
cycles. Using intense radio-frequency pulse with Rabi frequency of the order of the atomic transition 
frequency, we investigated the influence of CEP on the control of phase dependent multi-photon 
transitions between the Zeeman sub-levels of the ground state of 87 Rb. Our scheme has no limitation 
on the duration of the pulses. Extending the CEP control to longer pulses creates interesting 
possibilities to generate pulses with accuracy that is better then the period of optical oscillations. 



PACS numbers: 32.80.Rm 42.50.-p 32.80.-t 37.10.Jk 

I. INTRODUCTION 

As is well-known, the electric field of a laser pulse given 

by 

E(t) = £ f(t) cos(W + 4>) (1) 

can be characterized by its amplitude its carrier 
envelope /(t), its frequency v, and its carrier-envelope 
phase (CEP) 0. The CEP is the most difficult param- 
eter to control and even to measure. Recently, a lot 
of research has been devoted to the CEP. Namely, the 
CEP strongly affects many processes involving ultrashort 
few-cycle pulses [T|. In particular, CEP effects on high- 
harmonic generation [2], strong-field photoionization [3], 
the dissociation of HD + and Hj" [4], the electron dynam- 
ics in a strong magnetic field [5] , the population inversion 
during a quantum transition [BJ, and the external- and 
internal- photo-effect currents [8] have been demon- 
strated by few-cycle pulses. 

For longer laser pulses, the influence of the CEP be- 
comes smaller (very often it is beyond the experimental 
abilities to be measured). So the important question is 
what is the maximal duration of laser pulses that can 
still have the CEP effects? It is a fundamental question, 
but also it brings new interesting possibilities to measure 
and control parameters of laser pulses and applications. 
A stabilized and adjustable CEP is important for appli- 
cations such as optical frequency combs [5] and quantum 
control in various media |10) . Several techniques have 
been developed to control the CEP of femtosecond pulses 
[51 [TT] . A crucial step in attaining this control is mea- 
suring the CEP to provide feedback to the laser system. 
Promising approaches for short pulses use, for instance, 
photoionization |12j and quantum interference in semi- 
conductors [5]. 

For longer pulses, on the other hand, there are no such 
methods. Recently, a method has been presented for the 
measurement of the absolute CEP of a high-power, many- 
cycle driving pulse, by measuring the variation of the 



XUV spectrum |13) by applying the interferometric po- 
larization gating technique to such pulses [H] . We stress 
here that extending the CEP control to longer pulses cre- 
ates interesting possibilities to generate pulses with accu- 
racy that is better than the period of optical oscillation. 
First, it allows researchers to improve laser systems that 
generate laser pulses with better reproducibility and ac- 
curacy and better controlled. Second, it provides an ad- 
ditional handle to control the process of collisions. Fem- 
tosecond pulses are shorter than the time duration of 
collisions and cannot be used to study collisions under 
the action of electromagnetic fields; meanwhile the cur- 
rent approach of extending the duration of the pulses 
with measureable or controllable CEP allows researchers 
to extend the coherent control to a new level when they 
are able to study molecular collisions or electron colli- 
sions in nanostructures under the action of strong elec- 
tromagnetic fields with known CEP. Electromagnetically 
induced magnetochiral anisotropy in a resonant medium 
demonstrated in [15j can be enhanced by the control of 
the CEP of optical radiation in the laser induced chemi- 
cal reactions [IB] . 

In this paper, we report the CEP effects in the popula- 
tion transfer between two bound atomic states interact- 
ing with pulses consisting many cycles in contrast with 
few-cycle pulses [T7]. For our experiment, we use intense 
radio-frequency (RF) pulses interacting with the mag- 
netic Zeeman sub-levels of Rubidium (Rb) atoms. We 
have found that, for long pulses consisting two carrier 
frequencies, the CEP of the pulse strongly affects that 
transfer. It is worth noting here that our scheme has no 
limitation on the duration of pulses. 

The significance of our experiment is that it provides 
the insight of CEP effect in a new regime. The experi- 
ment is the first, to our knowledge, to observe the CEP 
effect on a transition between two bound atomic states 
with such long pulses. Our experiment provides a unique 
system serving as an experimental model for studying 
ultrashort optical pulses. The obtained results may be 
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FIG. 1. (Color Online) Experimental setup. ECDL-External 
cavity diode laser; AOM- Acousto-optic modulator; P- Polar- 
izer, PD-Photodiode; L-Lens, the oven is assembled with 1. 
copper tube; 2. non-magnetic heater on a magnetic shield; 3. 
solenoid; 4. pair of Helmholtz coils; 5. Rb cell. 



easily extended to optical experiments. 

The paper is organized as follows. In section II, we 
briefly discuss the experimental setup and the procedure 
to determine the population transfer due to RF excita- 
tion. We present our experimental results in Figs. |4|5|6| 
In section III using a simple two-level model, we explain 
the phase dependence of the main results presented in 
Fig. [6j In section IV we present discussion on extend- 
ing the CEP control to longer pulses. We have added an 
appendix with an explicit calculation of the probability 
amplitudes for the one and multi-photon excitation. 



II. EXPERIMENT 

In this section we will discuss the experimental aspect 
of our paper. We discuss the setup and the procedure 
to measure the population transfer due to RF excitation, 
taking into account the dephasing factor rj. In subsection 
B, we present our experimental results which includes the 
non-linear behavior of the multi-photon excitation peak 
@ [see Fig. [| (a)]. Effect of the CEP of the carrier- 
frequency components on the population transfer due to 
multi-photon excitation is shown in Fig. [6j 
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FIG. 2. (Color Online) (a) Time sequence of the laser and 
the RF pulses to determine the population transfer due to 
RF excitation, (b) Configuration of the laser and rf pulses 
along with the longitudinal magnetic field with respect to the 
Rb cell. 



matic rf field with two central frequencies at v\ and v% 
[20] . In our experiment we tuned the longitudinal mag- 
netic field to control the Zeeman splitting while keeping 
the carrier frequencies intact. A function generator was 
programmed to provide multi-cycle bichromatic pulses 
with controllable parameters, such as the pulse duration, 
CEPs and the amplitudes of the two carrier frequencies. 

To determine the population transfer due to the rf ex- 
citation, the experiment is performed with a sequence 
of laser pulses with a rf pulse followed by a sequence of 
laser pulses without rf pulse. For the transmitted probe 
pulse intensity is given by I\ = I$rie N ' TLP ' 1 , where Iq is 
the probe pulse input intensity, r\ is the factor due to 
dephasing, N is the atomic density, a is the absorption 
cross-section, L is the cell length and P a is the popula- 
tion of the upper levels due to RF excitation. For the 
second sequence , in which there is no RF excitation, the 
transmitted probe pulse intensity is given by l 2 = Iqti. 
Therefore, the population due to rf excitation is given by 
the quantity —ln{I\/I<2) = NaLP a . 

The energy level scheme of 87 Rb and the configura- 
tion of the optical and RF pulses is shown in Fig. [2] 
The ground state of 87 Rb has three Zeeman sub-levels; 
a right-circularly polarized (RCP) laser pulse optically 
pumps the system and drives the atoms to the sub-level 
\5 2 Si/ 2 ;F = 1 , 7ji j? = 1). This is followed by the bichro- 
matic rf pulse, which excites the atoms to the sub-levels 



A. Setup and Population transfer 

The experimental setup is shown in Fig.[T] An external 
cavity diode laser was tuned to the Di resonance line of 
87 Rb atoms at \5 2 S 1/2 ;F = 1) O \5 2 P 1/2 ;F = 1) transi- 
tion. A 2.5 cm long cell containing 87 Rb (and 5 torr of 
Neon) is located in an oven. The cell is heated in order 
to reach an atomic density of the order of 10 11 cm~ 3 . 
A longitudinal static magnetic field is applied along the 
laser beam to control the splitting of the Zeeman sub- 
levels of the ground state \5 2 Si/ 2 ;F — 1, m F — —1, 0, 1). 
A pair of Helmholtz coils produces a transverse bichro- 
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FIG. 3. (Color Online) CEP-shaped bichromatic pulses with 
spectral components of 60 kHz and 100kHz. FWHM for both 
the pulse is 130 with gaussian envelope. Unit of the mag- 
netic field is Gauss. 
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FIG. 4. (Color Online) (a) Optical probe transmission profile for the one-photon [peaks (T) and ©] and three-photon [peak @] 
transition under the Dichromatic rf field excitation, (b) Upper block: Energy level scheme of 87 Rb; Lower block: Resonant and 
non-resonant pathways contributing to three-photon peak. 



\5 2 Si/2]F — 1, Trip — —1,0) whose population is subse- 
quently determined by measuring the transmission of a 
following weak RCP optical probe pulse. The rf pulse is 
delayed by 165 [is with respect to the optical-pumping 
laser pulse and has a duration of 130 [is (FWHM). In 
Fig.|3]we have plotted two such CEP-shaped bichromatic 
pulses, with spectral components of 60 kHz and 100kHz, 
used in our experiment. The transmitted intensity of 
the probe pulse, delayed by 330 /is with respect to the 
optical-pumping pulse, is monitored by a fast photodi- 
ode. 



B. Experimental Results. 

Single and multi-photon (resonant and non-resonant) 
excitation under bichromatic rf field interaction with 
87 Rb are shown in Fig. |4| Peaks ® and (2) in the probe 
transmission profile are single photon absorption peaks 
at frequencies W!=100kHz and cj 2 =60kHz respectively. 
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FIG. 5. (Color Online) Non-linear dependence of multi- 
photon excitation on the traverse magnetic field. Unit of the 
magnetic field is Gauss. 



Peak @ emerges due to different possible excitations be- 
tween the initial and the final states [see Fig. [4] (b) lower 
block]. Resonant multi-photon excitation which corre- 
sponds to peak (3) at w=140kHz in Fig. |4j is shifted to 
about a>=130kHz [5T]. The rf field is very strong, so 
non-resonant one- and three-photon transition should be 
taken into account [see Appendix]. These non-resonant 
contributions interfere with resonant three-photon tran- 
sitions and the excited population depends on the phases 
of fields with frequencies V\ and v%. To study this peak 
we first investigated the dependence of population trans- 
fer as a function of the applied transverse magnetic field 
strength. Fig. 5 shows the non-linear behavior of the 
process, in which the multi-photon excitation is negligi- 
ble for weak transverse magnetic field and starts to grow 
non-linearly with the increase in the amplitude of the 
driving RF pulse. 

The main results of the experiment are shown in Fig. [6] 
where we have plotted the population (aNLP a ) as a func- 
tion of carrier-envelope phase of one of the two spectral 
components of the bichromatic field while keeping the 
other phase component at zero. Fig. |6ja) (II) shows the 
oscillatory behavior when the phase of </>60kHz is changed 
while keeping </>iookHz = 0. Similar effect is observed 
vice- versa which is shown in Fig.[6ja)(I). Ratio of the fre- 
quency of oscillations for the two cases, when the phase 
is changed from — > 2ir, is O r — 0.578 ± 0.035 which 
is equal to vijv\. Fig. [6fb) shows the effect of pulse 
duration (i.e number of cycles) on the population trans- 
fer where we have plotted the population transferred 
for two set of pulse width T(full width at half maxi- 
mum, FWHM). Here (I) T=130^s, (II) T=100^s. In 
either case we changed the phase of </>iookHz while keep- 
ing </>60kHz = 0. In Fig. [6] (a) we have shifted the curve 
(I) vertically, for the sake of clarity and distinguish the 
variations in the two curve (I) & (II) clearly. 
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FIG. 6. (Color Online) Oscillatory nature of the population transfer by changing the phase of one carrier frequency while 
keeping the other at zero for the bichromatic rf Pulse, (a) (I) Changing the phase </>iookHz and </>60kHz=0 (II) Changing the 
phase 060kHz and </>iookHz=0. (b) Effect of the pulse duration T (FWHM) on the population transfer. (I) T=130/is, (II) 
T=100/iS. Here we changed the phase i^iookHz while keeping </>60kHz = 



III. THEORY 

Let us now move to the theoretical aspect of the re- 
sults obtained here. The goal of theoretical considera- 
tion presented here is to gain physical insights that helps 
to understand the CEP effects for such long pulses that 
have envelop containing up to fifteen periods of oscilla- 
tions, as well as the limitations imposed on the length of 
pulses. The Hamiltonian for an atomic state with F = 1 
in a magnetic field B = (B x , B y ,B z ) is given by 



B m -iB v 



V 



V2 




B x -\-iBy 



B x -iB y 
V2 





Bx+iB y 

-B, 



(2) 



where g = — 1/2 is the Lande factor for this Rb state, no 
is the Bohr magneton, B z = Bq is the static magnetic 
field that is chosen in the direction of the z-axis; B x and 
By are the transverse components driven by a function 
generator. The linearly-polarized bichromatic magnetic 
field is given as, 



B x (t) 



' {B x cos(vit + 4>i) + B 2 cos(v 2 t + cj) 2 )}, (3) 



where a = (2 v / hi2) /T and T is the FWHM duration of 
the pulse and B y = 0. For the magnetic dipole tran- 
sition, the relaxation due to atomic motion is the most 
important. The density matrix equations is given by 



:[je, P ]-r(j>-po), 



(4) 



where is given by Eq.Q, T quantifies the relaxation 
process due to atomic motion and po is the thermal equi- 
librium density matrix of the atoms in the cell without 
the optical and RF fields. For simple explanation we will 
consider only two levels coupled by the bichromatic field 



and neglect any type of relaxation. The Rabi frequency 
is given by 

n(t) = e _Q2t2 {rJiCos(^ii + fa) + n 2 cos(is 2 t + (j> 2 )}, (5) 

where ^(1,2) — 9/^0^(1,2) /v2/L The equation of motions 
for the probability amplitudes C a and Cj, are given by |22l 



C a - iQ{t)e l ^C b , 

c b = in*(t)e- iut c a 



(6a) 
(6b) 



Let us consider the perturbative approach C(,(t) = 1. 
We look for a solution of the form C a = + Ci 3 \ 
The excited population is the result of interference of 
resonant three-photon excitation and non-resonant one- 
photon with frequency V\ and three-photon v 2 where the 
detunings are 30 kHz and 50 kHz correspondingly [see 
inset of Fig. |4[ a )]- The probability amplitude can be 
written as 

C a = A^e-^+A^e-^+A^-^e- 1 ^-^ 

(7) 

that gives the same dependences on the phases of bichro- 
matic field as shown in Fig. [6] Here, in a weak field 
approximation, 



A 



K) = i (^\ ft ie -[(— i)/2-l 2 e -*, (8) 



is the probability amplitude of non-resonant excitation 
due to one-photon transition, 



M{v2) = -i 



\Q\fiav 2 {tjj — v 2 ) 



(9) 



5 



is due to non-resonant three-photon excitation, and 



^3(2^1 - v 2 ) 



1 



1 



1 



(v x - v 2 ){u - v x ) {vi - i/ 2 )(u> + v 2 ) 

x e -[(w-2i/ 1 +i/ 2 ) 2 /12Q 2 ]-2i0 1 +i0 2 

(10) 

is due to resonant three-photon excitation. Here the first 
terms corresponds to Hyper-Raman type process, the 
second term corresponds to Doppleron type process as 
shown in the lower block of Fig. [1] (b) . In Appendix A 
we have shown the relative strength of the three processes 
with the experimental parameters. 

As is clearly seen from Eq.Q, the CEP effect occurs 
due to the interference of the terms that have different 
dependence on the field phases. The condition for the 
better visibility of the interference is related to the am- 
plitudes and frequencies of fields. It is better to have am- 
plitude be the same to have high visibility, on the other 
hand, if only one term dominates the CEP effect disap- 
pears. It is very interesting to note here that the CEP 
effects do not depend explicitly on the duration of pulses 
but only on the field amplitudes and their frequencies. 



IV. CONCLUSION 

We use intense RF pulses interacting with the magnetic 
Zeeman sub-levels of Rubidium (Rb) atoms, we have ex- 
perimentally and theoretically shown the CEP effects in 
the population transfer between two bound atomic states 
interacting with pulses consisting of many cycles (up to 
15 cycles) of the field. It opens several exciting applica- 
tions and interesting possibilities that can be easily trans- 
fer to optical range and enhance current and create new 
set of tools to control CEP of laser pulses. 

These tools allow researchers to improve laser systems 
that generate laser pulses with better reproducibility and 
accuracy and better controlled. Also the tools provide an 
additional handle to control the process of collisions, and 
the current approach of extending the duration of the 
pulses with measurable or controllable CEP allows re- 
searchers to extend the coherent control to a new level 
where they are able to study molecular collisions or elec- 
tron collisions in nano-structures under the action of 
strong electromagnetic fields with known CEP. In par- 



ticularly, the obtained results can be applied to control 
of chemical reactions [TBI. 
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Appendix A: Single and Multi-Photon Excitation 
Probability Amplitudes 

The wave function of a two-level atom can be written 
in the form 

\4>{t)) = C a ^)e-^*\a) + C^e-^lb), (Al) 

where C a and C b are the probability amplitudes of find- 
ing the atom in the states |a) and \b), respectively. The 
equation of motions for C a and C' b are given by, 



C a (t) = in{t)e wt C b (t) 



C b (t)=iQ*(t)e- iut C a (t). 



Integrating Eq. ( A2 ) we obtain 

rt 



C a (t)=i I Q(t')e iwt 'C b {t')d£ 



In the limit t — > 00 Eq.(A4) gives, 



C a (oo)=il 9,{t')e iut 'C b (t')dt' 



(A2) 



(A3) 



(A4) 



(A5) 



Substituting Eq.(A4) in Eq.(A3) and using the initial condition C b (0) = 1 we get, 



C b {t') = 1 - f 

J — ! 



n*(t")e- 



n(t'")e iut C a {t"')dt r 



d£' 



(A6) 



Plugging back Eq. ( A6 ) in Eq. ( A4 ) , we get 

c a (t) = i f si(t')e iut ' 1 1 - 



Thus from Eq.(A7) we get, 



C a (oo) = i I n(t')e iut ' { 1 - 



fi*(t")e- 



n*(t") e - wt " 



t" 



Q,{t"')e iwt " 'c a (t'")dt'" dt" 



dt' 



(A7) 



t" 



tt( t >»y"t'" C a (t"')dt"' dt" 



In the perturbation theory Cf,(t) = 1, we are looking for a solution of the form C Q (oo) = Co (oo) + C^^oo), where 
the first term Co, (oo) is given by 



tft* (A8) 



t(3), 



CW(oo) = i / Q,{t')e iMt ' dt' 



The second term can be found as 



C< 3 )(oo) = -i / fi(t')e-*' 



Q*(i")e 



li\ —iojt 



t" 



Sl{t"')e iut "' dt'" 



dt" \ dt' 



Let us consider that the Rabi frequency Q(t) is given as 

Q(i) = e" Q2 * 2 {^iCOs(z/it + 0i) + 2 cos(t/ 2 i + <fc)}, 



(A9) 



(A10) 



(All) 



1. Single Photon Processes 

(i) Absorption of one-photon of frequency v\. The transition probability amplitude is given as 



Similarly we can find C^} \(oo) using the substitution Qi — > f2 2 , v \ ~ ^ v 2 an d 4>i — > 4>2- 



(A12) 



2. Multi-Photon Processes 



(ii) Absorption of three-photon of frequency i/ 2 . The transition probability amplitude is given as 



C 



(3) 



(oo) = —i 



16v / 3a^2(^- 1 — v-z) 



^3 e -(l/3)[(w-3^ 2 )/2a] 2 e -3i02 



(iii) Absorption of two-photon of frequency V\ and emission of one-photon of frequency vi in the order: 
(hi. a) V\ — > V\ — > V2- The transition probability amplitude is given as 



C 



' {3 I s(oo) = -i 



\§\JZclv\(uj — V\) 

(iii.b) v\ — ¥ vi —¥ v\. The transition probability amplitude is given as 



rJifi 2 e^ (1/3)[(2,yi_I/2_ " )/2Ql2 e _ ' i[201 " 021 



C 



(3) 



(oo) = —i 



8v / 3a(^i — ^2)( w — v i) 



l 2 



(iii.c) Vi — > V\ — > V\. The transition probability amplitude is given as 



C 



(3) 



Aoo) = -i 



a ' (l/2 ' 1/1 '" l) [8v / 3aK-^)(^2+w) 



n2Q 2 g-(i/3)[(2>/ 1 - l /a-a;)/2a] 2 e -i[2^i-£ i ,] 



(A13) 



(A14) 



(A15) 



(A16) 



The resonant three-photon excitation we are investigat- ratio of the amplitudes R a for the processes (iii. a) and 
ing are given by (iii. a), (iii.b) and (iii.c). Let us find the 
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(iii.b) defined as 



and (i) denned as 



R a 



C 



(3) 



(oo)| 



\C (3) , Joo)\ 



(A17) 



gives 



R a = 



2v 1 



(A18) 



This ratio R a — > in the limit v\ — > v 2 i.e Doppleron type 



process given by Eq.(Al5) dominates over the hyper- 



Raman type process given by Eq.(Al4| and other res- 
onant and non-resonant processes. Similarly the ratio 
of the amplitudes Rg for the processes (iii.c) and (iii.b) 
defined as 



Rt 



\C 



(3) 



(oo)| 



\C 



(3) 



(oo)| 



(A19) 



gives 



Ra — 



LO — V\ 
U + V 2 



(A20) 



In this case smaller the one photon detuning ui — i>\, 
greater will be the probability of the Doppleron type pro- 
cess. The ratio of the amplitudes R 1 for the processes (ii) 



\C 



R-y = 



(3) 



(oo)| 



(A21) 



gives 



R~, — 



fi 3 e [(o;^3^) 2 /6a 2 ] 

Hy/3fliu 2 (ui - v 2 ) 



(A22) 



Ratio of the amplitudes Rs for the processes (i) and (iii.b) 
defined as 



Rs 



\C 



(3) 

a,(v 1 ,v 2 ,vi) 



Ml 



(A23) 



gives 



R,s 



(A24) 



For small a, this ratio is very small and we can neglect the 
contribution of the non-resonant one-photon excitation 
with respect to the resonant three-photon excitation to 
a good approximation. But for large a i.e small pulse 
duration we should be careful. Let us consider Q 2 ~ 
0.3i>i, Oi w 0.4^i, v 2 = 0.6i/i,w = 1.4^i and a w 0.128^i. 
Using this parameters we obtain Rg ~ 0.8 We obtain 
i?5 « 0.8, thus absorption of one-photon of v\ followed 
by emission of one-photon of v 2 followed by absorption of 
one-photon of v\ is comparable to one-photon absorption 
of v\. Thus we can see the contribution of off-resonant 
one-photon absorption to Peak (3) is not negligible. 
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